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Introduction {#sec005}
============

Aging leads to biological and physical changes in the structure and function of skeletal muscle. Sarcopenia has been defined as a phenomenon of age-related progressive decline in skeletal muscle mass and function that may result in decreased strength and low physical performance. It has been known that sarcopenia is associated with functional impairment, increased risk of fall down,\[[@pone.0148495.ref001]\] and consequently with decreased quality of life. Therefore, sarcopenia is assumed to be a major factor of geriatric syndromes and cycle of frailty. Moreover, sarcopenia is related to metabolic diseases (e.g. diabetes mellitus, dyslipidemia), major adverse cardiovascular events, and mortality.\[[@pone.0148495.ref002]--[@pone.0148495.ref004]\]

In detecting sarcopenia, algorithms required measuring physical performance or muscle strength and muscle mass.\[[@pone.0148495.ref005], [@pone.0148495.ref006]\] To date, many methods have been developed to measure muscle mass and diagnose sarcopenia. One of classical methods for estimating muscle mass is calculating 24-hour urinary creatinine excretion.\[[@pone.0148495.ref007]\] However, the reliability of this test is largely dependent on the subject's compliance.\[[@pone.0148495.ref008]\] With technical improvement, methods for estimating muscle mass with computed tomography (CT) or magnetic resonance imaging (MRI) have been established, and currently they are considered the gold standards in research.\[[@pone.0148495.ref009], [@pone.0148495.ref010]\] Recently, dual-energy x-ray absorptiometry (DXA) and bioimpedance analysis (BIA) have been often used to estimate muscle mass in routine practice.\[[@pone.0148495.ref011], [@pone.0148495.ref012]\] Although imaging modalities like MRI, CT, and DXA are considered to produce precise results, these methods have caveats in terms of cost, possible radiation exposure, and limited accessibility for primary care and field studies. Furthermore, these tests cannot be performed using archived samples of serum in large scale cohorts.\[[@pone.0148495.ref013]\] On the other hand, BIA has its weakness in low precision and reproducibility especially in patients who have chronic illness or extreme body height or weight.\[[@pone.0148495.ref014], [@pone.0148495.ref015]\]

Assessment of glomerular filtration rate (GFR) is essential for clinical practice, research, and serum creatinine has been widely used for estimating GFR.\[[@pone.0148495.ref016], [@pone.0148495.ref017]\] However, creatinine-based GFR estimation is largely influenced by physiological and clinical conditions that affect muscle mass.\[[@pone.0148495.ref018]\] The serum creatinine levels of sarcopenic elderly are usually low or below normal ranges; therefore, estimated GFR (eGFR) calculated with serum creatinine level, usually overestimates their real kidney function.\[[@pone.0148495.ref019]\] Recently, cystatin C has been the focus of a new marker for GFR which is a low molecular weight protein produced with a stable production rate and filtered by the glomerulus freely.\[[@pone.0148495.ref020]\] Because it is not influenced by dietary factor or muscle mass, cystatin C-based eGFR is more appropriate for the elderly who are susceptible to sarcopenia.\[[@pone.0148495.ref021], [@pone.0148495.ref022]\]

We focused on the fact that cystatin C is independent of muscle mass, and hypothesized that discrepancy between creatinine and cystatin C-based GFR can be explained by the muscle mass. Therefore, we aimed to develop a novel equation to estimate total-body muscle mass (TBMM) with serum creatinine and cystatin C levels.

Methods {#sec006}
=======

Participants {#sec007}
------------

The current study is a retrospective cross-sectional study. We studied community-dwelling participants aged ≥25 years who visited the health promotion center of a single tertiary hospital for health screening from January 2010 to June 2013. Data were collected through an electronic medical record system. A total of 303 people who had done DXA as well as those who had undergone measurement of serum creatinine and serum cystatin C were screened. We excluded 85 people who underwent these tests over a month of period and 4 people who had metal prosthesis which interfere with measuring muscle mass with DXA. Finally, records of 214 people were included for the analysis, and none of included people had been diagnosed with chronic kidney disease. Each person was assigned 3-digit random number electronically, and categorized into two groups with 1:1 distribution by the random number. The first group served as an equation-derivation cohort and the second group as an equation-validation cohort. The study protocol was reviewed and approved by the institutional review board of the Seoul National University Hospital, which waived the requirement for informed consent.

Measurement {#sec008}
-----------

Previous medical history was acquired, and clinical variables including height, weight were measured. All people included in the analysis underwent DXA, measurement of serum creatinine level, and serum cystatin C level within 30 days. TBMM and total-body fat mass were estimated using DXA (Lunar prodigy advance, GE healthcare, Fairfield, CT) with standardized protocols. TBMM was considered equivalent to the value of total-body lean mass minus total-body bone mass, assuming that nonfat and nonbone tissue was muscle.\[[@pone.0148495.ref023]\] Assays for serum creatinine and cystatin C were performed at the Seoul National University Hospital immediately after sampling. Serum cystatin C concentration was determined by using a particle-enhanced immunoturbidimetric assay (MODULAR P analyzer, Roche/Hitachi, Indianapolis, IN).

Construction and Validation of the New Equation {#sec009}
-----------------------------------------------

We assumed that the serum creatinine level is proportional to the TBMM and inversely correlated to the eGFR. We also presumed, based on a previous study, that the serum cystatin C level is proportional to the total-body fat percent and inversely correlated to the eGFR.\[[@pone.0148495.ref024]\] We made a linear equation based on those suppositions then determined the coefficient K in the derivation cohort ([Fig 1A](#pone.0148495.g001){ref-type="fig"}). Total-body bone mass accounts for less than 5% of total-body muscle mass; therefore, we eliminated bone mass from the equation ([Fig 1B](#pone.0148495.g001){ref-type="fig"}).\[[@pone.0148495.ref025]\] After elimination of the eGFR and total-body fat percent, a final equation to estimate TBMM was developed ([Fig 1C](#pone.0148495.g001){ref-type="fig"}). Confirmation of the final equation was done in the validation cohort and performance was reported.

![Development of the novel equation to estimate muscle mass.](pone.0148495.g001){#pone.0148495.g001}

Statistical Analysis {#sec010}
--------------------

Continuous variables were expressed as mean (SD) and discrete variables were expressed as counts (percentages). Linear regression analysis was used to evaluate the association between cystatin C and total-body fat percent. The association between creatinine and TBMM was assessed. Performance of the novel equation was described by the R^2^ value and plotted in a scatter plot. We compared calculated TBMM and TBMM measured with DXA minus calculated TBMM with a Bland-Altman plot graphically.\[[@pone.0148495.ref026]\] To assess the relationships between TBMM by DXA and TBMM by the novel equation, we calculated intraclass correlation coefficients (ICC). We logged and analyzed data using PASW Statistics 18.0 (SPSS Inc., Chicago, IL) and MedCalc (Medcalc Software, Acacialaan 22, Ostend, Belgium). All records from participants were de-identified and analyzed anonymously.

Result {#sec011}
======

One hundred and seven people were assigned to the derivation cohort and 107 were assigned to the validation cohort using a random number table. The baseline characteristics of the derivation cohort (37 men and 70 women) and validation cohort (34 men and 73 women) are shown in [Table 1](#pone.0148495.t001){ref-type="table"}. There was no significant difference between two groups.

10.1371/journal.pone.0148495.t001

###### Baseline characteristics of study participants.[\*](#t001fn001){ref-type="table-fn"}

![](pone.0148495.t001){#pone.0148495.t001g}

                                                                            Derivation cohort   Validation cohort                 
  ------------------------------------------------------------------------- ------------------- ------------------- ------------- -------------
  **Demographic parameters**                                                                                                      
      **Age, y**                                                            62.8 (9.3)          62.0 (9.9)          61.7 (9.6)    62.3 (10.5)
      **Height, cm**                                                        165.6 (6.2)         154.7 (6.3)         168.3 (6.5)   153.8 (5.7)
      **Weight, kg**                                                        69.7 (9.5)          59.4 (10.7)         74.0 (17.1)   58.2 (8.5)
      **BMI, kg/m**^**2**^                                                  25.4 (3.2)          24.8 (3.9)          26.0 (4.7)    24.6 (3.4)
  **Laboratory parameters**                                                                                                       
      **Creatinine, mg/dL**                                                 1.00 (0.15)         0.74 (0.20)         0.98 (0.14)   0.72 (0.13)
      **Cystatin C, mg/L**                                                  0.83 (0.17)         0.80 (0.17)         0.81 (0.12)   0.78 (0.15)
      **eGFR, mL/min/1.73m**^**2**^[^†^](#t001fn002){ref-type="table-fn"}   81.9 (12.9)         87.0 (15.7)         82.8 (11.9)   88.2 (14.7)
  **Body composition with DXA**                                                                                                   
      **Muscle mass, kg**                                                   46.3 (4.5)          33.4 (4.1)          49.6 (8.3)    32.7 (3.8)
      **Fat mass, kg**                                                      18.3 (5.8)          21.6 (7.5)          18.9 (9.7)    21.3 (6.0)
      **Bone mass, kg**                                                     2.8 (0.4)           2.1 (0.4)           2.9 (0.5)     2.0 (0.3)

\*Mean ± SD (all such values).

^†^Estimated by the CKD-EPI creatinine equation

Abbreviation: BMI-Body mass index, DXA-Dual-energy x-ray absorptiometry, eGFR-Estimated glomerular filtration rate

To verify hypotheses, we evaluated the relationship between the creatinine level and TBMM in the derivation cohort. There was a linear correlation between serum creatinine level and TBMM after adjusting for CKD-EPI creatinine equation eGFR (*P* \< .001, R^2^ = 0.804). We also examined the relationship between the cystatin C level and total-body fat percent. After correction of CKD-EPI creatinine equation eGFR, there was a linear correlation between the serum cystatin C level and total-body fat percent (*P* \< .001, R^2^ = 0.475).

With serum creatinine level, serum cystatin C level, DXA measured total-body fat percent, and TBMM, we determined the coefficient K value in the derivation cohort ([Fig 1A](#pone.0148495.g001){ref-type="fig"}). We choose the mean value of the coefficient K for men and women separately, considering possible influence of sex on metabolisms of creatinine and cystatin C.\[[@pone.0148495.ref027]\] The coefficient values were 0.00675 for men and 0.01006 for women. We calculated individual muscle mass with the novel equation and determined coefficient values ([Fig 1B](#pone.0148495.g001){ref-type="fig"}), and the calculated TBMM explained 82.9% of the between-subject variance in DXA measured TBMM (*P* \< .001, adjusted R^2^ = 0.829) ([Fig 2A](#pone.0148495.g002){ref-type="fig"}). We verified the equation and coefficient K in the validation cohort. There was a linear correlation between the calculated TBMM and DXA measured TBMM (*P* \< .001, adjusted R^2^ = 0.856, β = 1.03) ([Fig 2B](#pone.0148495.g002){ref-type="fig"}). By comparison, the calculated TBMM by the novel equation could explain DXA measured TBMM by 85.6%, although individual body weight could explain TBMM by 69.6%. We graphically compared the calculated TBMM and DXA measured TBMM with a Bland-Altman plot ([Fig 3](#pone.0148495.g003){ref-type="fig"}), and agreements between the two techniques were measured by intraclass correlation coefficients (ICC). ICC in validation cohort was 0.93 (*P* \< .001) and ICC in derivation cohort was 0.91 (*P* \< .001) respectively, which showed statistical agreements between two methods in both cohorts ([Fig 3](#pone.0148495.g003){ref-type="fig"}).

![Scatter plots of muscle mass measured with DXA and the novel equation.\
Thick line indicates mean trend line and dotted line indicates 95% confidence interval. Legend: DXA- Dual-energy x-ray absorptiometry.](pone.0148495.g002){#pone.0148495.g002}

![Bland-Altman plots of muscle mass measured with DXA and the novel equation.\
Legend: DXA- Dual-energy x-ray absorptiometry, SD-Standard deviation.](pone.0148495.g003){#pone.0148495.g003}

Discussion {#sec012}
==========

In the current study, eGFR adjusted serum creatinine level was proportional to the TBMM, and eGFR adjusted serum cystatin C level was proportional to total-body fat percent. We then made a novel equation to estimate TBMM and determined the coefficient of the equation in the derivation cohort. We performed verification in the validation cohort, and found that the novel equation can estimate TBMM with statistical significance. Furthermore, the errors of the equation were statistically acceptable.

Cystatin C is anticipated as a potential replacement for serum creatinine in GFR estimation. Cystatin C may be more useful to estimate GFR in older adults with decreased muscle mass, because previously existing formulas that predict GFR take into account gender, age, and weight, but not muscle mass. On the other hand, the cystatin C level is useful to assess the renal function in individuals with higher muscle mass as well; therefore, muscle mass can account for a large portion of the error in creatinine-based GFR estimation.\[[@pone.0148495.ref028]\]

In our equation, a higher cystatin C level was associated with lower muscle mass and it connotes a large fat percent. Many studies reported that there is a graded association between higher BMI and elevated serum cystatin C.\[[@pone.0148495.ref029]--[@pone.0148495.ref031]\] Moreover, cystatin C gene expression and secretion by adipose tissue were increased two- to threefold in obese individuals, and it was confirmed that increased production of cystatin C was contributed from enlarged adipose tissue in vitro study.\[[@pone.0148495.ref032]\] Hypertension, coronary heart disease, increased inflammatory marker, and low functional status were correlated with high cystatin C levels and these morbidities were also associated with the sarcopenia.\[[@pone.0148495.ref033]\] Furthermore, higher cystatin C was associated with frailty and poor physical function in the elderly and the association was separate from eGFR.\[[@pone.0148495.ref034]\] In the Health ABC study, there was an inverse correlation between eGFR and physical performance in the subgroup whose eGFR by creatinine was above 60mL/min/1.73m^2^.\[[@pone.0148495.ref035]\] Additionally, cystatin C was a strong independent risk factor for mortality in that study.\[[@pone.0148495.ref036]\] Therefore, we can make inferences that decreased muscle mass and increased fat mass elevate serum cystatin C level, and high cystatin C levels are associated with functional decline, morbidity, and mortality in sarcopenic patients.

Our study has several strengths. To the best of our knowledge, it is the first study to measure body muscle mass using serum creatinine and cystatin C levels. We proposed a novel equation to estimate TBMM, which can predict TBMM with statistical significance. Our novel equation could be used to measure body muscle mass with less cost compared to MRI, CT, and DXA without radiation hazard. Unlike MRI, CT and DXA, blood sampling can be done anywhere, and a lot of samples can be handled at the same time, therefore it can ease off the pressure on time and space. Moreover, TBMM can be calculated using archived samples of serum in large scale cohorts so we can estimate participant's muscle status in the past. And it is useful to check patient's temporal change by repetitive measurements. Furthermore, considering that dosing of some medications by a patient's muscle mass might be helpful, and serum cystatin C level can predict serum levels of drugs such as vancomycin better than serum creatinine, our equation can be used in adjusting drug doses which mainly distribute in the muscle.\[[@pone.0148495.ref037], [@pone.0148495.ref038]\]

However, our study has several limitations. First, our estimation is limited to TBMM while sarcopenia has been diagnosed with decreased appendicular muscle mass. As serum creatinine and cystatin C are affected by TBMM and total-body fat mass, calculated TBMM with these markers includes non-appendicular muscle mass. However, it has been known that TBMM has a strong correlation with appendicular skeletal muscle mass.\[[@pone.0148495.ref023]\] Second, we regarded the TBMM measured with DXA as a reference standard. DXA cannot detect intramuscular fat infiltration which is known to affect quality of skeletal muscle, consequently we assumed in this study that muscle mass is bone mass subtracted from lean mass. Third, the correlation between cystatin C and body fat percent is lower than that of creatinine and TBMM. Previous studies showed that various clinical factors including diabetes, thyroid function, and hemoglobin.\[[@pone.0148495.ref018], [@pone.0148495.ref030]\] Although we could not collect whole participants' clinical factors and they can be confounders of that relationship, statistical significance of the correlation between cystatin C and body fat percent was remained after adjustment of eGFR. Finally, our models were developed in a retrospective cross-sectional dataset from a single hospital in Korea and the measurements were done at only one point in time. Furthermore, people included in this study were ambulatory, who can visit hospital to take health examination. However, the present study is rather hypothesis generating and following studies in other ethnic groups, sick or frail patients, and longitudinal cohorts with larger scale are warranted for the generalization of findings in this study.

In conclusion, a new equation using serum creatinine and cystatin C levels can estimate TBMM in community-dwelling Koreans, without radiation hazard. This equation may be used to calculate muscle mass in various setting including retrospective cohort in which performing other measurement methods for muscle mass are impossible.
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